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.fi-Elec t ronic  Energy Crenges i n  Anionic Polymerization 

bY 
D. B. Hartiey and A .  RemSaum 

The prevalent riecnanisn of the anionic po lpe r i za t ion  system ' 

which yields  " l iving polymers" i s  discussed in terms of a f - e l e c t r o n i c  

energy change. 

t i on  of the  act ivat ion energy of the t r ans i t i on  s t a t e ,  and the  assump- 

t i o n  i s  a l so  d e  that the  entropy coctribution f o r  a se r i e s  of struc- 

The la t ter  i s  cmsiaerea t o  const i tute  an approxima- 

a 

t u r a l l y  re la ted  compounds renains constant. 

The following reaction steps are examined: 1) i n i t i a t i o n  by 

electron t ransfer ;  2) dimerization reactions; and 3) anionic propaga- 

t i on .  

The LCAO-MO calculations show t h a t  the r a t e  of polymerization 

should be influenced by t he  type of a r o m t i c  i n i t i a t o r  used, and t h i s  

i s  i n  agreement w i t h  eQer5men';dL resu l t s .  

derivations successfully i n t e q r e t  the s t a b i l i t y  of hydrocarbon rad ica l  

Also, the theore t ica l  

anions i n  contrast  t o  the radical anions of vinyl aromatic monomers 
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predic t  a l o w  r a t e  constant f o r  the pro2agation s tep  of 9-vinyl anthra- 

c m e  and acenaphthylene i n  agreement with recent  experimental f indings.  
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The application of t h e  X A O  X3 nethod t o  polymerization and 

copolymerization reactions i s  re la t ive ly  recent. It seems t h a t  the  f i r s t  

paper on t h i s  subject was published by Ycnezwa, Eayashi, Nagata, 0hmn-a 

and Fumi 1 who attempted t o  explain the r eac t iv i t i e s  of various monomers 

on the  basis of the  calculated n-conjugation energy between a monomer 

and the  approaching radical .  

A second appoach* i s  based on the  use of the  local izat ion 

energy concept, the l a t t e r  beir,g caicuiated as the differerice between 

t h e  n-energies of the product rzCLcai and the  monomer. 

A t h i rd  method, whics 2s apglied i n  this paper, consis% of 

evaluating the dlfferences i n  t he  n-electronic energies between a l l  

products and reactants of a given reaction Known t o  occur i n  the polymer- 
- 

i za t ion  process.’ A coapariscn of 

similar compounds serves then as a reactivl-ljr index. 

rr-energy changes f o r  a ser ies  of 

* -*his pzpe&f;epresents one phase of research performed by the  J e t  Propulsion 
Laboratory, California Ins t i t u t e  of Tecii.lology, sponsored by the National 
Aeronautics and Space A u n i s t r a t i o n ,  contrzct l?AS7-lOO. 

Present address: Cambridge Uriiversity, Cmbridge, England 
-lw 

Although a number of orgtinometallic i n i t i a t o r s  are ,mown t o  

l ead  t o  anionic propagation w e  w i l l  l i m i t  ourselves t o  the  processes 

investigated i n i t i a l l y  by Szwarc , e t  a1 and la ter  by numerous other 

s c i e n t i s t s .  

4 

5 

The action of alirali iLetals on arorcatic hydrocarbons dissolved 

i n  tetrahydrofura? or  similar soivent gives r i s e  t o  intensely colored 

solut ions.  The primary products of such reactions are hydrocarbon radical  

*anions fomed by electron t ransfer  f ron rretal t o  hydrocarbon. In  the  .-. 
;+; 
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presence of v inyl  Eonmers, i r ? L t L z l  I'orzxizlon of these h i g u y  react ive 

species can only be infer red  si:,-: c;n Enionic poPynerization react ion occurs 

leading t o  polymers which re+,al:l >:-<ir e ' s i l i ty  to grow and are therefore 

comonly known as " l iv ing  p o l p e r s  . ' I  
- 

The i n i t i a t i o n  is f r e q ~ e n t l y  accomplished by an electron t r a n s f e r  

from a hydrocarbon r ad ica l  anicn VG a v inyl  monomer which then undergoes 

subsequent reactions.  The w s - ,  ckzraczer is t ic  react ion s teps  i n  t h i s  type 

of polymerization nay be presentez jy The following equations (using 

naphthalene r a a i c a  anion ana s tyrene  ES e x a p l e s )  . 



Electron t r ens fe r  fron e hydrocarbon r ad ica l  enion t o  monorcer. ( s t e p  1) 

hydrocarbon 
r ad ica l  anion 

nonomer hydrocarbon monomer 
radical anion 

Dimerizetion of r ed ica l  a f o n s  ( s t e p  2) 

a-> @ @ 
xworner r ad ica l  anion diicer dianion 

Formation of dimer rad ica tsn ions .  

nonoEer radical anion monomer d i m r  radical-anion 

Anionic txomxation. 

p o l p e r  anion nommer 
( "living polymer") . 

polymer a n i  on 



6 Apart fror: the above reactions, chain t r e x f e r  ana  formation 

of c a ~ p l e x e s ~ ' ~  have been shoxn t o  occur end the  poss ib i l i ty  of other 

side reactions a l so  ex is t s .  however, the above mechanism prevails i n  

many "living p o l p e r "  systems and w e  w i l l  exanine it i n  the  l i g h t  of the  

s inpie  LCAO theory: 

The results of the  analysis of t he  n-electronic energies of t he  

reactants and products coraj?uted cy Hartley, e t  a13, on t h e  basis  of t he  

approximte molecular o r b i t a l  xLeo,y xere fomd  helpful i n  the correlation 

and interpretat ion of most of t k e  r;mm ex3erizental f ac t s .  

underlyicg the  calculazions were k s e 2  on t he  following considerations. 

Zxaraination 02 the Born-Ea-oer cycle shoxs t ka t  the enthalpy (AH) i n  each 

of the reaction s teps  (l), ( 2 ) ,  ( 3 ) ,  (4)  i s  eqGal to the sum of a 

constant term (independent of the species involved provided these are 

chemically sirciiar)  and the  

(a  function of the parxiculer species j e 

The pr inciples  

n-energy change associated with the  reaction 

Since it i s  unlikely ;ha; zhe e n z r q y  C3ANGE w i l l  very s ign i f i -  

cantiy i n  a se r i e s  of reactions involvLcg s i m i l a r  reac-iants an=. ?roducts, 

t h e  r e l a t ive  equilibrium p o s i t l a  G i l l  depend mainly on the hZ values. 

Furthemore, as the  t r ans i t i cn  ,Lazes a re  presumably siailar i n  a par t icu lar  

s e r i e s  of reactions, the r a t e  constant w i l l  d i f f e r  by v i r tue  of the  

corresponding act ivat ion energies ~ r , d  :he l a t t e r  are zssumeri t o  b~ prs- 

port ional  t o  A H  . 
a r i s e  predoninently from the  differences In ,the 

acccaj?anying the  reaction, i z  i s  concha& t h a t  the reactions i n  which loss 

of 

back reaction is  unimportant) 2nd go nezrer t o  corapietion than i n  those 

8 A s  it has been esteolished t h a t  differences i n A H  

rr-energy changes 

rr-er,erU i s  l ea s t ,  will occur f a s t e r  ( L n  the i n i t i a l  stages when the 



reactions i n  which the  loss i n  --energy is  greater  and therefore  less 

favorable t o  reaction. 

Let us assume tha t  e i ther  s t ep  (l), (2), (3) ,  or (4) is predm- 

inant  and analyze each one separately. 

I. Electron t r ans fe r  f rom a hydrocarbon rad ica l  anion t o  monomer ( s t ep  1) 

This reaction const i tutes  t he  f i rs t  s tep  i n  the mechanism of 

some anionic polymerization systems and it w a s  recently proven theore t i -  

c a l l y  and experimentally t h a t  it influences the  r a t e  of t he  propagation 
10 stepg as well as the  molecular w e i g h t  d i s t r ibu t ion .  

I n  Table I are recorded the  n-electronic energy changes i n  

terms of the resonance in tegra l  

anions which may be used as i n i s i a to r s  f o r  the polymerization of styrene. 

The coeff ic ients  of B of the lawest antibonding orb i ta l ,  a l s o  included 

i n  Table I, have been found t o  o f f e r  correlations w i t h  polarographic 

reduction potentials* and electron a f f in i ty .  Also the  decrease of the 

absolute values of the coeff ic ients  on moving down the  column re f l ec t s  

the  increasing tendency t o  accept an electron fram an alkali m e t a l .  

f o r  a se r i e s  of hydrocarbon rad ica l  

Y 
See, f o r  example, Hoijtinic, G. J., Rec. Trav. C h i m .  3, 1525 (1955) 
and Katsen, F. A.,  J. Chem. Phys . 24, 602 (1956). 
description of recent correlationsTetween the energies of highest  
f i l l e d  and lowest empty molecular orb i ta l s  and polarographic oxidation 
reduction potent ia ls  see "Moleculer Orbital  Theory f o r  Organic Chemists," 
by Streitwieser,  A * #  Jr., J. Wiley and Sons, New York, 1961. 

For a complete 
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In i t i a t ion  of the Polyzerizsticn of Styreze by Zlectron T r a x f e r ;  ( s t ep  1) 

V-%ergy Ck?en?es i n  the Iieaction; 

Hydrocarbon Radical Anion + Styreze +€?ydrocarbon i Styrene Radical A2ion 

Change i n  r - e n e r g  
2adical anion i n  u n i t s  of$ vt ibonding  o r b i t a l  

Coefficient of,& of the lowest 

Benzene 

Bi2henyi 
Naphthalene 

Phenanthrene 

1,l-Diphenyiethyiene 

St i lbene 

Anthracene 

1,4-3iphenylbutzdiene 

Tetraghenylethylene 

Perylene 
Tetracene 

kc enaphthylene 

+o. 338 
$0.042 

-0.044 
-0.0579 

- 0 . o g  

-0.156 
-0.24d 

-0.34 
-0.315 

-9.367 

-0 - 377 

-0.276 

-1.000 

-0.705 
-9.618 

-0 - 695 

-0.561i. 
-0 -5% 
-0. &Ai; 

-0.386 

-0.347 

r0.295 
-0.285 

-0 368 

The rate of po lpe r i za t ion  i s  great ly  influenced by the  type of 

a r o m t i c  i n i t i a t o r  used. This  i s  i n  agreement w i  iii i -~ccz t  e-qeri mental 

findings which show t h s t  the order of ca ta ly t ic  a c t i v i t y  of condensed 

a r o m t i c  hydrocarbon radical  en ions  toward polymerization of acry loni t r i le ,  

styrene and isoprene i s :  na9td iz lene  > anthracene > tetracene ; pentacene . 9 
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The change of n-energy (Table I) which is assumed t o  be 

proportional t o  A H  indicates that the  t ransfer  of an electron w o u l d  

occur faster fran a biphenyl rad ica l  anion t o  styrene than from a 

naphthalene rad ica l  anion. 

and similar reasoning w a s  used by K a w a z u r a g  t o  explain t h e  extreme - 

slowness of polymerization of styrene and isoprene by means of the  

naphthacene rad ica l  anion. 

however not be overlooked, par t icu lar ly  with highly condensed aromatic 

radical anions such as anthracene o r  naphthacene.) 

This w a s  shown t o  be experimentally true'' 

(Poss ib i l i ty  of complex formation should 

11. Dimerization of radical  anions ( s t ep  2) 

A number of rad ica l  anion systems have been studied and suffi- 

c i en t  evidence has been accumulated t o  indicate  i n  most cases whether 

t he  monomeric rad ica l  anion o r  dimeric dianion i s  the more stable species 

i n  solution. 

and anthracene form rad ica l  anions which do not dimerize and whose electron 

spin resonance spectra  remain unchanged f o r  long periods of time. 

over, on treatment with water, alcohol o r  carbon dioxide, these systems 

yield the unchanged hydrocarbon plus monomeric dihydro derivatives.  

Thus it is now well established that naphthalene, biphenyl 

19 
More- 

The 

mechanism of carboxylation of the naphthalene rad ica l  anioii, f o r  ex=@? i 

ll w a s  postulated t o  be as follows : 

. 
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Na 

-t co2 

iC02Ka 

~ 

The forrcation of the  l;2 isozer obeys an  ident ica l  rcechanism 

which i s  i n  agreercent with the ex3erimentcl Pacts. 

above the  carboxylation of a s o i u t l o n  CT sodim 1,l-diphenylexnylcne 

under ident ica l  conditions as use6 Tor chphthalene, yields t he  sz5ium 

i n  contrast  to the  

s a l t  of l,i ,4,4-tetra2henyi butsne -',+-dicarboxylic acid ( I )  12  . 

I -- -A -  u w u L  - C - E2 - m- - C - COONa 
1 2 1  

If, on the  other hand, solutions of sodium styrene o r  sa2m 

styrene are t rea ted  v i th  netiianol o r  carbon dioxide, nigh molecular weight 

a-methyl 

polymers are isolated.  Attempts t o  o3tain en ESR s ignal  from styrene 1 3  , 
\ 
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14 butadiene and isoprene , during t h e i r  anionic polymerizations vere not 

successful. 

anions of b v i n y l  biphenyl and $-vinyl naphthalene undergo rapid dimer- 

iza t ion  and polymerization and l i k e  styrene do not exhibi t  ESR signals a t  

roam temperature. However, acenaphthylene, abvlnyl naphthalene and 

9-vinyl anthracene, under ident ica l  experimental conditions, y ie ld  q.-ell- 

resolved ESR spectra which pe r s i s t  throughout t he  anionic polymerization 

process. 

heretofore. 

Recent polymerization s tudies  demonstrate that t h e  rad ica l  

20 

These facts have not been explained i n  B sa t i s fac tory  manner 

The reason f o r  the high s t a b i l i t y  of rad ica l  anions of unsub- 

s t i t u t e d  aromatic systems i n  contrast  t o  some vinyl monomers becomes 

immediately apparent on examination of the 7f-energy changes recorded 

i n  Table 11, which a l so  swmarizes most of the known experimental data. 

Table I1 demonstrates a good correlat ion between the r-energy 

changes accompanying dimerization and the nature of t h e  more s t ab le  species 

observed i n  solution. 

aromatic rad ica l  anions and those of condensed r ing compounds are satis- 

f a c t o r i l y  interpreted on an  energetic ra ther  than a s t e r i c  basis .  

I n  par t icular , the differences i n  behavior of vinyl 

The $-energy loss  fcr ;he dimerization of N-vinylcarbazole 

w a s  recent ly  found t o  be equai t o  2.710?, i .e. a value intermediate 

between 9-vinylanthracene and anthracene, and it is indeed grat i fying 

t o  f ind  that N-vinylcarbazole does not  dimerize t o  any s igni f icant  

extent when reacted with sodium under iden t i ca l  conditions as the 

hydrocarbons of Table I1 . 18 

A fu r the r  point which warrants attentson is  the  poss ib i l i ty  of 

two d i f f e ren t  rad ica l  anions combining, i n  a manner similar t o  tha t  

discussed above, t o  form a mixed "dimer." Obviously any rad ica l  anion 

which normally dimerizes muld be expected, on the basis of the f igures  

of Table I1 , t o  be energetically capable of combining with a radical anion 



.- 
Dimerization of Radical . h ions ;  f i  -Energy Change i n  the Reaction; 

2 Monomer Radicel .>?ions -> 3irr.m Dianioz ( s t ep  2 )  

Radical anion Nature or" s tab ie  Tene rgy  i o s s  i n  units of,& 
species 

1,l-Diphenylethyiene 

S -zyr ene 

4-Vinyibiphenyi 

1 -Vinylnaphthalene 

2-Vinylnaphthalene. 

9 -Vinylanthrac ene 

Aqthrzc ene 

i,4-Diphenyibutadiene 

Tetrscene 

S ti ibene 

Zciphthalene 

Phenanthrene 

Eiphecyi 

?e-y lene  

/.ceneght'=iyie2e 

Tetra?henyiethylene 

=ionic Ciner i .go0 

2.083 

2.222 

anionic ~ a e r  + rilCIicd anion 

anionic c l m e r  + radical  anion 

2.276 

2.363 

3 197 

3.267 

3.270 

3.307 

3.360 

3.384 



higher i n  the  series. 

most readi ly  when the  respective rad ica l  anions were formed together 

(e.g., by common t r ans fe r  from sodium biphenyl) i n  momentarily high 

concentration. 

Such "heterodimerization" w o u l d  of course occur 

Moving down Table 11, anthracene is the f irst  radical anion 

which does not dimerize t o  any measurable extent. I n  the presence of 

styrene r ad ica l  anions, however, the  heterodimerization n-energy loss 

is considerably reduced, i.e., t o  2.6400 

perhaps suf f ic ien t ly  t o  allow the reaction t o  take place when anthracene 

= 1/2 (2.083 + 3.197), 

and styrene are both present as, f o r  instance, when sodium anthracene is 

used t o  i n i t i a t e  styrene. 

experiment recently reported by Szwarcu who indeed f inds  a "complex" 

The conditions are reproduced exactly i n  an 

formed between styrene and anthracene, having one "dormant" l i v i n g  end. 

According t o  the present interpretation, this would have the s t ruc ture  

PhCH-CH2 3 , a poss ib i l i t y  recognized by Szwarc. 8 
LJ 

If such a "dimertt i s  formed with styrene rad ica l  anion, a 

similar reaction should also occur between the radical anions of anthracene 

and 1,l-diphenyletbylene, and perhaps between 4-vinylbiphenyl and the  

vinylnaphthalene rad ica l  anions.  

Another per t inent  problem 02 the &k:erizn+.inn reaction is  the 

s t ruc ture  of the d i m e r  obtained. 'This can a lso be predicted on the  basis 

of the calculated n-energy 

Table 111 shows the  expected r e l a t ive  s t a b i l i t y  of some dimers 

of selected rad ica l  anions. Where t h e  s t ruc ture  of the  dimer has been 

proven experimentally, it i s  found t o  agree with the  predictions made here. 
. .  
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Thus 2,5 diphenyl adipic acid is  formed by carboxylation of sodium 

styrene, and 1,l 4,4 tetraphenyl butane by hydrolysis of sodium 1, 

12, 15 1 diphenyl ethylene 

TABLE I11 

Structure and TT-Energy of Some D i m e r  Dianions 

. .. 

Biphonyl 

1 ,I 4phanykthyl.cH 

D l w r  

A- - 

17.441 

16.721 

16.000 

40.530 

3P.739 

27.967 

27.873 

17.679 

34.601 

33.301 

31.000 
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111. Formation of dimer radical-anions ( s t ep  3) 
\ 

Though the r a t e  constant of dimerization of two radical. anions 

may be l a rge r  than that of addition of a rad ica l  anion t o  a vinyl  monomer 

(Eq.  3), i n  general the generator is present i n  excess, and the r a t e  of 

the latter process may the refore exceed that of the 

therefore of i n t e r e s t  t o  estimate the  expected o d e r  of increasing rate 

of addition i n  a se r i e s  of aromatic hydrocarbons. 

Table IV, where the radical anions most l i ke ly  t o  add t h e i r  own monomer 

head the se r i e s .  

It is 

This has been done i n  

Tables I11 and N thus summarize the main energetic fac tors  

t o  be considered i n  discussing dimerization of radical. anions by the two 

a l te rna t ive  mechanisms ( E q s .  2 and 3). 

s t r a t e d  t o  occur i n  the  case of n-methylstyrene. 

possible theore t ica l ly  t o  say which of the two possible mechanisms w i l l  

occur i n  a given instance, it is t o  be noted from the tables  that rad ica l  

anions showing a high tendency t o  dimerize by the reaction represented by" 

s t e p  2 (Eq .  2) a lso  show the rrost marked tendency t o  form the dimeric ion 

by the a l te rna t ive  reaction (Eq. 3) .  

heading the two tables  have been demonstrated t o  dimerize experimentally 

I---- ucUAa vuy e.,+ %e theore t ica l  results. Exceptional perhaps is the case of 

t h e  9-vinylanthracene r a d i c a  anion which should exhibi t  a marked tendency 

t o  add i ts  own monomer. 

i n su f f i c i en t  t o  confirm t h i s  prediction. 

Both processes have been demon- 

While it has not proved 

The f a c t  t h a t  the  r ad ica l  anions 

The experimental evidence accumulated so far is  

\ 



Expected Order of Reactivity of tfydrocarbon Radical Anions to Generator; (step 3) 

(Monomer Radical Anion + Monomer Dimer Radical-anion) 

. 

* 
P energy loss in units of 

1,l-Diphenylethyiene 

9 -vinylanthracene 

Styrene 

1 -vinyinaphthalene 

4-vinylbiphenyl 

2 -v i  ny inaphthalene 

Tetrac ene 

Anthracene 

1,4-Diphenylbutadiene 

Stilbene 

Peryiene 

Acenaphthyiene 

Naphthalene 

Phenanthrene 

Biphenyl 

Tetraphenylethylene 

2.464 

2.706 

2.745 

2.770 

2.786 

2.822 

3.565 

3.611 

3.653 

3.811 

3 -931 

3.963 
-i n 7 Q  J.7 I U  

3 -989 

4 095 

4.470 

* 
Tail-to-tail configuration assumed. 

. ._ 
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- V. Anionic Propagation ( s tep  41 

* 

I 

c 

O f  perhaps grea te r  i n t e re s t  is  the estimation of r-energy 

changes accompanying propagation of anionic polymerization of the mono- 

mers under cansideration because the same type of arguments employed i n  

discussing dimer formation' should indicate  an  order of polymerizability. 

"he anions originating from the monomer6 listed i n  Table V 

are expected t o  propagate with increasing d i f f i c u l t y  as 

the  bottom of the table .  Preliminary investigations indicate  that this 

is indeed the case. The absolute rate constant (k ) f o r  the propagation 

s t ep  i n  the anionic polymerization of styrene has been found t o  be of the 

order of 500 jlmole see)! while recent s tudies  sha? that K 

anthracene and acenaphthylene, polymerized under ident ica l  conditions 

as styrene, is of the  order of 

Only low molecular weight polymers were obtained and a study of polymer- 

iza t ion  rates of these monomers as a function of temperature yielded 

r e l a t ive ly  high act ivat ion energies. This is  consistent v i t h  the theoret i -  

c a l  deductions . 

move tovards 
6 

P 

for 9-vinyl P 

2 X 10-1 and ;/(mol sec), respectively. 

The re su l t s  of Table V should a l s o  apply t o  free rad ica l  

and cat ionic  polymerization. Since no experimental determinations of 

propagation r a t e  constants are available f o r  these systems no comparison 

between theore t ica l  find experimental r e su l t s  can be made a t  present. 
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TABU3 V 

r-Energy Changes i n  the Reaction; Anionic Polymerization: 

folymer Anion ( " l i v i n g  polymer") + Monomer + Polymer Anion (s tep  4) 

Monomer flenergy loss i n  units ofp 

Styrene 2.424 

f l  -vinylhaphthalene 2.428 

bvinylbiphenyl 2.432 

a-vinylnaphthalene 

9-vinylanthracene 

1,l-diphenyletbylene 

2.447 

2.477 

2.815 

Acenaphthylene 2.936 I 
A s  the  Ti-energy loss i n  the propagation s t ep  (Table V) 

represents the exothermicity of the reaction, the la t ter  is expected t o  

decrease moving dam the column of Table XII-10. 

polymerization of acenaphthylene proceeds with a considerable evolution of 

heat17 i s  inconsistent with the  resu l t s  of Table V. 

borne i n  mind that the  data 

tha t  the r a t e d e t e m i n i n g  s t ep  is e i the r  (I), (2), ( 3 ) ,  or  (4).  This is  

frequently not the  case, tvhich may account f o r  some discrepancies, while 

others may be due t o  the f a c t  t h a t  t he  entropy changes accompanying 

the  formation of the  t rans i t ion  state are not always similar. 

The finding t h a t  the 

It ehould be 

recorded i n  Tables I, 11, 111, IV, and V presume 

. .  
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